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Abstract
The oxidation of plasma-sintered ZrB2-TiC-Y2O3 samples in air and a CO/N2
atmosphere has been investigated at 1973 K. The TiC was added to develop a TiO 2
similar to a SiO2 layer, which has been an effective diffusional layer for the ZrB2-SiO2
system. Yttria was added to determine whether sufficient stabilization of the tetragonalZrO2 (t-ZrO2) could occur to minimize the monoclinic-ZrO2 transformation, which causes
susceptibility to thermal shock of any ZrO2 containing composite.
The oxidized samples developed an outer layer of TiO 2-B2O3 liquid acting as a
sealant but with significant voidage as a result of B 2O3 vaporization. Cracking initiated
on the corners and then spread laterally for samples oxidized in air.

For sampled

oxidized in a CO/N2 atmosphere, the cracking was primarily found on the surface
between the corners of the samples. The cracking may have resulted from cooling from
1973 K to room temperature as a result of the monoclinic transformation, but the TiO 2
formation sufficiently slowed oxygen ingress to develop product layers. The product
layers grew parabolically as an indication of a diffusional process resulting from oxygen
ionic defects, which are readily known for the ZrO2-Y2O3 system.
.
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Chapter 1: Introduction
1.1

Overview
Ultra-High Temperature Ceramics (UHTC) with a melting temperature (Tm) higher

than 3000˚C are considered as possible candidates for use at ultra high temperatures
(>1600˚C).

Ultra-high temperature ceramics are used in aerospace, and in high

temperature structural applications like turbines and hypersonic vehicles in oxidizing
environments.

These ultra-high temperature ceramics especially are of high

significance for hypersonic vehicles’ wing leading edges and nose caps to which are
exposed to temperatures greater than 2000˚C (Monteverde 2007). Another purpose of
UHTC are to serve as thermal barrier coatings on turbines that improve the durability
and efficiency. According to Kofstad, thermal barrier coatings have to have low heat
conductivities which is why zirconia is the material mainly used (Kofstad 1988).
Borides and carbides are chosen because of their high melting temperatures
such as ZrB2 melting at 3244˚C and ZrC at 3427˚C. The system under study consists
of ZrB2 and TiC, with melting temperatures of 3244˚C and 3067˚C, respectively.
The ZrB2-SiC system has been investigated for the past years.

When this

system is exposed to oxygen, the reaction in equation (1) takes place.
𝑍𝑟𝐵2 + 𝑆𝑖𝐶 + 4𝑂2 → 𝑍𝑟𝑂2 + 𝑆𝑖𝑂2 + 𝐵2 𝑂3 + 𝐶𝑂

(1)

Crystalline zirconia (ZrO2) is unfortunately porous and susceptible to thermal shock
because of the monoclinic structure, but formation of SiO2 (liquid) is of great importance
as it seals the pores formed in the zirconia, consequently minimizing oxygen ingress.
SiO2 found in the outer layer reduces oxygen. At temperatures greater than 1600 ˚C,
1

the thickness of the silicate layer decreases because of its volatility, and as a
consequence, a thinner silica layer would increase oxygen diffusion. Therefore, oxygen
diffusion occurs faster at higher temperatures (Karlsdottir and Halloran 2007), (Li, et al.
2008).
Titanium carbide serves the same purpose as silicon oxide. Titanium carbide
(TiC) reacts with oxygen to produce titanium oxide (TiO2) and with ZrB2, they would form
a TiO2-B2O3 liquid. The rutile-boria melt would seal the pores of zirconia, as well as any
cracks developed during thermal oxidation. Titanium oxide will also be formed at the
outer layer reducing oxygen diffusion. In contrast with SiC, which has a melting
temperature of 2545˚C, titanium carbide has a melting temperature of 3067˚C.
The formation of zirconia (ZrO2) with TiO2 would be beneficial because the TiO2
would stabilize is of great importance as it is expected for tetragonal and possibly cubic
phases to be formed. These phases are of a greater interest than the monoclinic phase
(formed at lower temperatures) because tetragonal and cubic are tougher than
monoclinic producing and resist thermal shock. Ytria also stabilizes the tetragonal and
cubic phases. Y2O3 also lowers the viscosity of the glassy structure formed by TiO 2
allowing oxygen to diffuse easier (Monteverde and Bellosi 2003).

1.2

Research Objective
The objective of the investigation is to oxidize a sintered ZrB 2-TiC-Y2O3 system in

air at 1700˚C. Zirconium boride oxidizes to ZrO2 and B2O3 with TiC ultimately forming
TiO2. The effect of an oxygen atmosphere established by a carbon/CO equilibrium at
1700˚C was also used to determine the oxidation of the ZrB 2-TiC-Y2O3 composite.

2

Even though ultimately TiO2 will form, associated titanium oxides (e.g., Ti2O3, Ti3O5 and
possibly TinO2n-1) may form. The main objective is to identify the relevant Ti oxides as
well as to determine their effect on the microstructural development upon oxidation.
After oxidation, the scale consisting of ZrO2-TiO2-Y2O3 will be analyzed to determine its
effectiveness as a diffusional barrier in protecting the boride-carbide from oxygen
ingress.

3

Chapter 2: Literature Review
2.1

Zirconium Boride
Zirconium boride (ZrB2) with its covalent bonding maintains its flexural strength

approaching 351MPa at 1700˚C (1973K) resulting as the major component for ceramic
composites at ultrahigh temperatures (≥1600˚C).

Metal borides have high melting

points (e.g., Tm=3244˚C for ZrB2), which usually suggest that the mechanical properties
are adequate at temperatures to at least 0.5 Tm as Bronson et al. reported. Fahrenholtz
et al. (2007) reviewed recent by the crystal chemistry, mechanical properties and
oxidation of ZrB2. Investigations have shown that ZrB2 and HfB2 compounds possess a
structure very similar to that of AlB2 in which B layers alternate with hexagonal metal
atoms. Fahrenholtz et al. reported that the hardness of ZrB 2 decreases as temperature
increases, similarly, ZrB2 decreases from 350 to 250mPa at 1000 to 1700˚C,
respectively. Also, polycrystalline ZrB2 develops internal stresses during rapid cooling
(Fahrenholtz, et al. 2007).

2.2

Oxidation of Zirconium Boride
When zirconium boride is exposed to oxygen at 1700 ˚C, boria gas (B2O3) is

produced according to reaction (2) with its corresponding Gibbs free energy
𝑍𝑟𝐵2 + 2.5𝑂2 → 𝑍𝑟𝑂2 + 𝐵2 𝑂3 (𝑔)

∆𝐺° = −1274 𝑘𝐽

(2)

Boria melts at 450˚C and evaporates at temperatures greater than 1100 ˚C (Li, et al.
2008). For example, Karlsdottir reported B2O3 having a vapor pressure of 233 Pa at
1500˚C, so in the oxidation process B2O3 readily evolves due to its volatility from the
substrate (Karlsdottir and Halloran 2007).
4

Zirconia is known for having intrinsic physical and chemical properties like
hardness, wear resistance, low friction coefficient and low thermal conductivity as well
as high fracture toughness. (Li, et al. 2008). Zirconia forms three phases monoclinic,
tetragonal and cubic phase, as shown in Figure 1. The monoclinic phase forms at low
temperatures (<1170˚C) while the monoclinic to tetragonal transformation occurs at
2370˚C. The phase transformation of tetragonal to monoclinic occurs during the
cooling process due to the instability of tetragonal zirconia. According to Zhang (2008),
the amount of monoclinic zirconia increases depends on the stress developed during
the phase transformation (Zhang, Li and Hong 2008). Studies have shown that phase
transformation during the cooling period results in a volume expansion of 4-5% cracking
the sample (Mukhopadhyay, et al. 2007).

2.3

Oxidation of ZrB2-SiC
Even though Zr has a significant propensity to dissolve oxygen (X0 ≈0.30) as

shown in Figure 1, Zr still oxidizes at a low oxygen potential (Po 2 = 10-20 atm at
1700˚C).

For zirconia, the monoclinic phase is stable at room temperature and

transforms to tetragonal at 1387K (1114˚C). The tetragonal phase transforms to cubic
at 2647K (2374˚C) (Chen, Hallstedt and Gauckler 2004). With the addition of Y2O3, a
eutectoid of t-ZrO2 occurs at 1194K as shown in Figure 2. Yajima et al. describes the
change in phases of ZrO2 according to equation (3).
𝑡 − 𝑍𝑟𝑂2 → 𝑚 − 𝑍𝑟𝑜2 + 𝑐 − 𝑍𝑟𝑂2

(3)

Graham (1972) studied the oxidation of ZrB2 by capturing B2O3 evolving from the
oxidized ZrB2 (Graham 1972).
5

In the ZrB2-SiC system, zirconia goes through different phase changes that
cause a great stress on the sample making it porous and thus the sample tends to
crack. Silica acts as a sealant to the zirconia pores or cracks. Silica also forms a film
on the surface of the zirconia layer to help reduce the oxygen diffusion therefore, acting
as an oxygen barrier.

2.4

ZrB2 – TiC system

2.4.1 Phase Diagrams
2.4.1.1

ZrO2-Y2O3

Investigations on the ZrO2-Y2O3 phase diagram have been pursued for more than
50 years and controversy still exists on the occurrence of different phases (e.g. Zr 2Y2O7
Chen et al. (2004). The transformations of cubic-ZrO2 to tetragonal-ZrO2 and tetragonal
zirconia to monoclinic zirconia during temperature changes are very important. Zirconia
is tougher in the cubic phase and less though in the tetragonal phase and monoclinic
phase. The addition of Y2O3 stabilizes the tetragonal phase of zirconia though the cubic
phase encompasses a wider composition range than the t-ZrO2 as shown in Figure 2. It
illustrates the addition of 4-13 mol% Y2O3 results in a tetragonal+cubic phase of
zirconia. As Chen et al. (2004) explained, the addition of Y2O3 decreases the formation
of the tetragonal phase and it is possible to obtain tetragonal zirconia with cubic lattice
parameters and tetragonal symmetry. Cubic zirconia is obtained at ≥15mol% Y 2O3 for
temperatures above 1500K.
When zirconia combines with Y2O3, yttrium ions create oxygen vacancies as
shown in equation (4)
6

𝑌2 𝑂3 = 2𝑌′𝑍𝑟 + 3𝑂 𝑥 𝑂 + 𝑉𝑜̈

(4)

In which yttrium ions occupy the zirconium sites creating a negative relative, charged
defect balanced with oxygen vacancies which are doubly charged and positive. .
Fan et al. (1962) identified a pyrochlore structure, Zr2Y2O7, at temperatures of
1373 - 2803 K. Du Y, Jin Z. and Huang P. (1991) disagree with the existence of such
compound and it is therefore omitted on the ZrO2-Y2O3 phase diagram (Chen, Hallstedt
and Gauckler 2004). Pascual and Duran (1983) identified ZrY6O11 which decomposes
at temperatures greater than 2023K. However, this phase was also in disagreement by
Jayaratna et al. (1984) and Stubican et al. (1988) and has been omitted from the ZrO 2Y2O3 phase diagram (Chen, Hallstedt and Gauckler 2004).

Tetragonal and cubic

zirconia has only been found in this phase diagram at temperatures greater than 1639K.
Most recent investigations have been performed computationally by Fabrichnaya and
Aldinger, using the Calphad technique, who concur with the diagram presented by Chen
et al. (2004) and (Schaedler, Fabrichnaya and Levi 2008).

2.4.1.2

ZrO2-TiO2

Titanium oxide is an important compound in our system as it may serve as a
diffusional barrier. It is predicted that TiO2 will form in the top layer of the sample
reducing oxidation diffusion, therefore protecting ZrB2. It is been reported by Schaelder
et al. that TiO2, which is also tetragonal, increases the tetragonalily of zirconia without
changing the phase stability. The formation of tetragonal ZrO2 is important because it is
tougher than the monoclinic phase (Schaedler, Fabrichnaya and Levi 2008). Several
investigations have been made on the ZrO2-TiO2 binary system as it shows the
formation of ZrTiO4.

Schaedler, Fabrichnaya and Levi (2008) calculated the phase
7

diagram of the ZrO2-TiO2 system as shown in Figure 3. ZrTiO4 exists in temperatures
greater than 1200˚C with α-PbO2, orthorhombic structure. McHale et al. (1986) believe
that at temperatures lower than 1100˚C other structures are formed other than ZrTiO4
(Schaedler, Fabrichnaya and Levi 2008). Schaedler et al. (2005) stated that at 1300 ˚C
orthorhombic ZrTiO4 is formed and agrees with other studies that ZrTiO4 has no
ordering of cations and a considerable homogeneity range (Schaedler, Francillon, et al.
2005).

2.4.1.3

ZrO2-TiO2-Y2O3

The ZrO2-TiO2-Y2O3 system is important because the oxidized scale will form
after exposing ZrB2-TiC-Y2O3 to air, equation (5).
𝑍𝑟𝐵2 + 𝑇𝑖𝐶 + 𝑌2 𝑂3 → 𝑍𝑟𝑂2 + 𝑌2 𝑂3 + 𝑇𝑖𝑂2

(5)

Several studies have been performed on the ternary phase diagram to investigate if
computational diagrams correlate with experiments but research as of today still scarce
since as temperature rises phase equilibria become more complex. Feighery,
Fabrichnaya and Levi have reported on the ZrO2-Y2O3-TiO2 system but more research
is needed because discrepancies among the phase stabilities exist: several compounds
are still not well- confirmed. Yokokawa et al. (1965) calculated a phase diagram at
1300˚C by using ZrO2 literature data and estimating oxides.

This phase diagram

contradicts experimental data obtained by Schaedler, Fabrichnaya and Levi-2008.
Feighery et

al.

(1998)

investigated

the

ZrO2-TiO2-Y2O3 system

at

1500˚C

experimentally and the presence of Y2Ti2O7 pyrochlore between 50-52 atom% Ti4+
which concurs with the phase diagram by Mizutani et al. (1976). The amount of TiO 2
8

that dissolves into ZrO2 depends on the TiO2 and Y2O3 content added due to the oxygen
vacancies (Feighery, et al. 1999).

Colomer et al. (1997) and Duran et al. (1999)

investigated the ZrO2-TiO2-Y2O3 phase diagrams at 1500 and 1450˚C and described
the maximum solubility of Y2O3 to be 6% and 12% for TiO2 (Schaedler, Francillon, et al.
2005).

Figure 4 illustrates the ZrO2-TiO2-Y2O3 phase diagram at 1700˚C.

The

formation of ZrTiO4 and Y2Ti2O7 are apparent. The formation of Y2TiO5 is revealed in the
TiO2-YO1.5 system below 1500˚C, as shown in Figure 5. In temperatures greater than
1560˚C, Y2TiO5 forms a single phase pyrochlore as shown in Figure 5. In the ZrO2
area only the existence of tetragonal or fluorite phases are shown (Schaedler,
Fabrichnaya and Levi 2008).

2.4.2 Oxidation of TiC
The reaction product of titanium carbide exposed to air is very similar to the
reaction product of silicon carbide and oxygen.
𝑇𝑖𝐶 + 𝑂2 → 𝑇𝑖𝑂2 + 𝐶𝑂

(6)

The oxycarbide formed in the TiC reaction has been studied, but the oxygen
transport is not very clear. Bellucci et al (2004), reported that a titanium oxycarbide
formed in the oxidation of TiC but x-ray pattern has not been reported. It is explained
that the TiO2 (rutile) layer appears as a compact layer in which the solid state transport
of the oxygen occurs (Bellucci, Gozzi and Latini 2004). Fryt (2000) and Schumacher
and Eveno (1987) confirmed that oxygen diffuses through carbon vacancies (V c) in TiC.
The function of carbon in TiC is not well known, but Storms (1967), Macdonald and
Ransley (1959) and Webbet al (1956) believe that carbon diffuses through the TiO 2
9

layer and oxidizes at the outer surface; this happens only if carbon is sufficiently soluble
in the TiO2 layer or diffuses through the tetragonal TiO2 phase. The replacement of
carbon by oxygen in TiC allows the formation of an oxycarbide. The formation of the
oxycarbide has been confirmed through the reduction of titanium oxides by graphite (A.
Bellucci, et al. 2003). Bellucci et al. (2004) establishes that oxygen vacancies should be
formed at the rutile layer to allow diffusion from the rutile/carbide to gas/rutile interface,
at the same time as oxygen atoms transport in the opposite direction. The driving force
of the oxidation of metals is the gradient of the oxygen chemical potential at the rutile
layer interfaces and the rate limiting step is the solid state transport within the rutile
layer. Belluci believes that TiC reacts with oxygen as described in equation (7)
𝑇𝑖𝐶 + 𝑦𝑂 = 𝑇𝑖𝑂1−𝑦 𝑂𝑦 + 𝑦𝐶

(7)

In which equation (7) will convert to equation (8) with increase of oxygen.
𝑇𝑖𝐶1−𝑦 𝑂𝑦 + 𝜀𝑂 = 𝛽𝑇𝑖𝑂2−𝑥 (𝑦𝐶) + 𝛿𝑇𝑖𝐶1−𝑦′ 𝑂𝑦

(8)

Where y’>y, (β+δ) =1, γ=[(1-y)-δ(1-y’)]/β and ε=y(δ-1)+β(2-x). The chemical potential
gradient of C leans to the rutile/gas interface where C converts to CO 2. However, at
temperatures greater than 700˚C, CO is more stable than CO2, therefore the CO2 gas
content will depend on temperature. The maximum value of the chemical potential
gradient of C is achieved since the carbon activity at the rutile/gas interface is zero
caused by the rapid continuous consumption of carbon by the combustion reaction
(Bellucci, Gozzi and Latini 2004).
In any discussion of oxidation, the concentration of defects and their mobility in
the oxide scale should be considered as reviewed by koftad (Kofstad 1988). Titanium
oxide, a nonstoichiometric compound, has a complicated diffusion mechanism due to
10

the defects in oxygen and titanium vacancies, as well as titanium interstitials. The
chemical diffusion coefficient data reported by Nowotny et al. (2005), Iguchi and Yajima
(1972), Baumard (1976) and Barbanel and Bogomolov (1970) among others, shows
inconsistence results with absolute values and its temperature dependence. Nowotny
et al. (2006) reviews the equilibration kinetics which promotes slower ionic defects and
forms an electric field that accelerates the movement of the ionic defects. Ait-Younes et
al. (1984) has been the only author reporting the chemical diffusion coefficient to
change with respect to p(O2) at 1323K. Morin (1986) in the other hand reported that the
chemical diffusion coefficient is independent of oxygen nonstoichiometry. Morin did not
report the raw kinetic data and his experimentation techniques are questionable.
Experiments have concluded that the chemical diffusion coefficient is a function of
p(O2).
The effect of p(O2) on the chemical diffusion coefficient can be described by the
relation derived by Grzesik et al. (2006) as Equation (9)

𝐷𝑐ℎ𝑒𝑚 =

𝑘𝐵 𝑇𝜎1 𝑡𝑒𝑙
2𝑒 2

∗

1
𝑛+𝑝

(9)

Where 𝐷𝑐ℎ𝑒𝑚 is the chemical diffusion coefficient, 𝜎1 is the electrical conductivity, 𝑡𝑒𝑙 is
the transference number of electronic charge carriers, n is the concentration of
electronic charge carriers and p is the electron holes. Another consideration is that the
chemical diffusion coefficient of a constituent in polycrystalline is obviously lower than a
single crystal. Also, the mass transfer of oxygen through TiO2 proceeds via vacancies
corresponding to fast defects and balanced by titanium vacancies which are concidered
correspond slow defects (Nowotny, et al. 2006).
Fergus (2003) agrees that there is controversy on the defect structure of TiO 2
11

but the author implies that there is an agreement of TiO2 being an oxygen deficient
oxide of n-type conduction. Oxygen vacancies are mainly at intermediate oxygen partial
pressures while titanium interstitials re mainly at lower oxygen partial pressures. It has
been reported by Hurlen (1959), Catlow (1982), and Yu and Halley (1995) that when
TiO2 is oxygen deficient and the defect concentration increases then the defects forms
ordered structures.

12

Figure 1. Zirconia phase diagram
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Figure 2. ZrO2- Y2O3 Phase diagram (Chen, Hallstedt and Gauckler 2004).
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Figure 3. ZrO2- TiO2 Phase diagram (Schaedler, Fabrichnaya and Levi 2008).
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Figure 4. ZrO2 - TiO2 - Y2O3 phase diagram (Schaedler, Fabrichnaya and Levi 2008)
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Figure 5. TiO2 - Y2O3 phase diagram (Schaedler, Fabrichnaya and Levi 2008)
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Chapter 3: Methodology
3.1

Sample Preparation
The system under study consists of ZrB2 and TiC, with melting temperatures of

3244˚C and 3067˚C, respectively.

Studies have shown that ZrB2 can be fully

densified by hot pressing at high temperatures and applying external pressure (Li, et al.
2008). Following this reasoning, the spark-plasma furnace would develop fully dense
samples.

3.1.1 Sample Pre-loading Preparation
Zirconium boride (99.5% from Alfa Aesar), titanium carbide (99% from Johnson
Matthey Catalog Company) and yttrium oxide (99.9% from Cerac) powders were
synthesized by spark-plasma sintering process (SPS) at the Corral Laboratory of the
University of Arizona. The mixed powder was made of 79.3wt% ZrB2, 10.3wt% TiC and
10.4wt% Y2O3 and was ball milled for four hours using tungsten carbide balls and
hexane as the media. After mixing, the slurry was dried in a rotary evaporator.

3.1.2 Loading Procedure
The graphite assembly for the spark plasma furnace consisted of a graphite rod
that was inserted into a graphite sleeve as shown in Figure 6. The inside of the graphite
sleeve, as well as the top of the graphite rod, were covered with graphite foil to prevent
the sample from sticking to the inner walls of the graphite enclosure. The sintering
furnace requires an initial load in order for current to pass through. Taking this into
account, 2.3 g of the mixed composition was loaded into the cavity, and then it was
covered with another graphite foil and another graphite rod, as shown in Figure 7. The
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rods were set on a press and pre-loaded to a pressure of 3MPa.

To prevent an

overshoot of the system, the furnace was set to an initial ramp rate of 250 degrees/min
then increased 100 degrees/min until the final temperature of 1700˚C was reached.
The furnace had a hold time of 5 minutes once it reached 1700˚C. Since the pyrometer
cannot read temperatures less than 600˚C, the furnace applied an initial load of 900
atm. until the pyrometer read temperatures. A molybdenum thermocouple was used in
the furnace. Inside the furnace, the enclosure was insulated with carbon pelt to reduce
the require load output and to maintain high temperature operation.
After the sample was cooled, the graphite foil was grinded off using a diamond
grinder blade. The density of the sintered sample was measured using the Archimedes’
principle and compared with the theoretical values given by the weight percentages and
its corresponding densities.

3.1.3 Oxidation in air atmosphere
The pellet created using the plasma-sintering furnace as described in the
previous section was cut into similar pieces using a diamond blade.

Five sintered

samples were exposed to an atmosphere environment at 1700˚C for 10, 20, 30, 40, and
50 minutes. The dimensions of the cut samples are described in Table 3.1.

19

Table 1. Dimensions of sintered samples for oxidation in atmosphere environment

Oxidation Time (min)

Length (mm)

Width (mm)

Thickness (mm)

10

4.26

4.87

1.20

20

4.05

3.08

1.21

30

4.46

2.93

1.15

40

2.83

4.17

1.18

50

3.04

4.25

1.15

Samples were placed individually inside a ZrO2-8 wt% Y2O3 crucible (supplied by
Coors Tek, Inc.) filled with grog to prevent any reaction between the sample and the
crucible as shown in Figure 8. Each crucible was placed inside a molybdenum silicide
furnace previously set to 1500˚C, then the temperature was raised to 1700˚C, which
amounted to approximately 45min from 1500˚C to 1700˚C. When the furnace reached
1700˚C the samples were held for the desired amount of time (10, 20, 30, 40 and 50
minutes).

A Pt/Pt-10wt%Rh thermocouple measured the actual temperature of the

samples.

3.1.4 Encapsulated oxidation
The pellet created using the plasma sintering furnace as described in the
previous section was cut into similar pieces using a diamond blade.

Five sintered

samples were encapsulated and oxidized at 1700˚C for 10, 20, 30, and 40 minutes.
The dimensions of the sinter samples used are described in Table 3.2.
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Table 2. Dimensions of sintered samples for oxidation in atmosphere environment

Oxidation Time (min)

Length (mm)

Width (mm)

Thickness (mm)

10

3.14

4.69

1.18

20

3.55

4.98

1.20

30

4.96

6.47

1.13

40

4.66

4.25

1.25

Samples were placed individually inside a fully-stabilized Zirconia (FSZ) cover (supplied
by Almath Crucibles, UK) along with a graphite sliver (4.81mm diameter and 2.81mm
long) to control the C/CO inside the capsule and covered with another FSZ cover. The
crucibles from Almath unexpectedly have a glazed appearance believed to result from a
SiO2 impurity. The capsule was placed inside a FSZ crucible filled with grog as shown
in Figure 9. Each crucible was placed inside a molybdenum silicide furnace previously
set to 1500˚C, then the temperature was raised to 1700˚C (it would take approximately
45min to reach 1700˚C once it is at 1500˚C). When the furnace reached 1700˚C the
samples were held for the desired amount of time (10, 20, 30, and 40 minutes). Again,
Pt/Pt-10wt%Rh thermocouple measured the actual temperature of the samples.
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Graphite sleeve

Graphite Rod

Figure 6. Enclosure

Graphite sleeve

Graphite
Rod
Figure 7. Complete Enclosure
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Pt/Pt10wt%Rh
thermocouple

ZrB2-TiC-Y2O3
sinter sample

ZrO2 crucible

ZrO2 Grog

Figure 8. Loading process of sinter sample for oxidation in air atmosphere
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Pt/Pt10wt%Rh
thermocouple

ZrO2-8wt%Y2O3
cover

Graphite
ZrB2-TiC-Y2O3
sinter sample
ZrO2 Grog
ZrO2 crucible

Figure 9. Encapsulated loading process of sinter sample
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Chapter 4: Results
The formation of pellet samples with using ZrB2, TiC and Y2O3 was successfully
performed using the spark-plasma sintering furnace at 1700˚C. Fully sintered samples
with the composition, 79.3wt% ZrB2, 10.3wt% TiC and 10.4wt% Y2O3 where oxidized at
1700˚C in an air environment, as well as using an encapsulated technique.

The

encapsulated samples had a graphite sliver that controlled the oxygen atmosphere. It
equilibrated with the gas within the atmosphere within the covers which caused a
C/CO/N2 atmosphere. The C/CO/N2 atmosphere lowers the oxygen potential within the
capsule. This also helped to see if any gas was permeating into the inside of the
covers. Five samples where used for each oxidation technique which were oxidized at
10, 20, 30, 40 or 50 minutes. Different layers are observed at the cross-section by
visualization. The different layers formed during the oxidation process where analyzed
using the X-ray diffraction (XRD), the Scanning electron microscope (SEM), as well as
the optical microscope.

4.1 X-Ray Diffraction (XRD)
X-ray diffraction (XRD) analysis where performed on sintered samples that were
oxidized in air and in CO atmosphere at 1700˚C for 10, 20, 30, 40 and 50 minutes.
Different increment measurements and scan speeds where tested to come up with the
best suitable measures, this data is presented in the Appendix. Taken in consideration
the results and the time of each analysis, a scan speed of 5.10 degrees/minute with an
increment of 0.0501 degrees was used for all XRD analysis. Analysis for the air and CO
atmosphere samples were performed in the outer and middle layer of the samples.
The X-ray diffraction spectrums for 10, 20, 30, 40 and 50 minutes in air atmosphere are
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shown in Figures 10-14. Spectrums show the presence of tetragonal and monoclinic
ZrO2 for all five samples. They also show the existence of cubic ZrO 2 after oxidizing for
20 and 50 minutes. Titanium was found as rutile in all the samples. ZrB2 is present in
all the samples except for the 50 minute oxidized sample which as expected was
completely oxidized. The analysis of XRD spectrums for the encapsulated samples at
10, 20, 30 and 40 minutes identified the presence of m-ZrO2, t-ZrO2, ZrB2 and rutile, as
shown in Figure 15-18.
In addition to this analysis, the 10 and 20 minutes samples oxidized in an air
atmosphere were extensively analyzed by analyzing the samples in increments of 0.1
mm starting from the center and moving to the outer layers.

4.2 Scanning Electron Microscope (SEM)
The microstructures of all oxidized samples were examined with scanning
electron microscope. The energy dispersive EDAX program in the SEM was used to
perform area analysis in specific areas to gather information on what elements were
present in that specific area. Microstructures at the bottom and top of the samples are
different due to the position of the sample and its surroundings. The samples oxidized
in air atmosphere are exposed to the ZrO2 grog that is holding the sample.

The

encapsulated samples are exposed to the ZrO2-8wt%Y2O3 cover. The microstructure
for the sintered sample oxidized for 10, 20, 30, 40 and 50 minutes at an air atmosphere
are shown in Figures19-27. Carbon is moving to the outer layers in Figure 19 while
oxygen is diffusing into the sample producing CO and B 2O3. Microstructures acquired
through energy dispersive x-ray spectroscopy for sintered samples oxidized for 10. 20,
30 and 40 minutes encapsulated are shown in Figures 28-35.
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Figure 10: XRD spectrum for oxidized sample for 10 minutes in air obtained in the middle of the
sample and outer layer.

10 Minute Air

20 Minute Air

Figure 11: XRD spectrum for oxidized sample for 20 minutes in air obtained in the middle of the
sample and outer layer.
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29
Figure 12: XRD spectrum for oxidized sample for 30 minutes in air obtained in the middle of the
sample and outer layer.

30 Minute Air

40 Minute Air

Figure 13: XRD spectrum for oxidized sample for 40 minutes in air obtained in the middle of the
sample and outer layer.

30

31

Figure 14: XRD spectrum for oxidized sample for 50 minutes in air obtained in the middle of the
sample and outer layer.

50 Minute Air

10 Minute Encapsulated

Figure 15: XRD spectrum for oxidized sample for 10 minutes encapsulated obtained in the middle of
the sample and outer layer.
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Figure 16: XRD spectrum for oxidized sample for 20 minutes encapsulated obtained in the middle of
the sample and outer layer.

20 Minute Encapsulated

30 Minute Encapsulated

Figure 17: XRD spectrum for oxidized sample for 30 minutes encapsulated obtained in the middle of
the sample and outer layer.
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Figure 18: : XRD spectrum for oxidized sample for 40 minutes encapsulated obtained in the middle of
the sample and outer layer.

40 Minute Encapsulated

ZrB2-TiC-Y2O3
ZrO2-TiO2

Y2O3
ZrO2-TiO2-Y2O3
ZrO2-TiO2-CO

Figure 19. SEM microstructure for 10 minutes in air atmosphere.

Glassy layer

Ti rich layer

Figure 20. SEM microstructure for 10 minutes in air atmosphere.
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ZrB2-TiC-Y2O3

ZrB2-TiC

ZrO2-TiO2-Y2O3

B2O3

Figure 21. SEM microstructure for 20 minutes in air atmosphere.

ZrB2-TiC-Y2O3

ZrB2-TiC

ZrO2-TiO2-Y2O3

ZrO2- Y2O3-TiO2
B2O3

Figure 22. SEM microstructure for 20 minutes in air atmosphere.
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ZrB2-TiC-Y2O3

ZrO2-TiO2Y2O3

ZrO2-Y2O3

ZrO2 -Y2O3-TiO2
TiO2-TiC

Figure 23. SEM microstructure for 30 minutes in air atmosphere.

ZrB2-TiC-Y2O3

ZrO2-TiO2-Y2O3

ZrO2 -Y2O3-TiO2

ZrO2-Y2O3

Figure 24. SEM microstructure for 30 minutes in air atmosphere.
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ZrO2 -TiO2-Y2O3

ZrO2 -Y2O3-TiO2

ZrO2-TiO2-Y2O3

Figure 25. SEM microstructure for 40 minutes in air atmosphere.

ZrO2-TiO2-Y2O3

ZrO2-Y2O3-TiO2

ZrO2 -Y2O3-TiO2

Figure 26. SEM microstructure for 40 minutes in air atmosphere.
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ZrO2-TiO2-Y2O3

Figure 27. SEM microstructure for 50 minutes in air atmosphere.

ZrB2-TiC-Y2O3
ZrO2-TiO2-Y2O3
ZrO2 –ZrB2-Y2O3-TiO2

ZrO2 -Y2O3-TiO2

Figure 28. SEM microstructure for 10 minutes encapsulated.

40

ZrO2 -Y2O3-TiO2

Glassy layer

Figure 29. SEM microstructure for 10 minutes encapsulated.

ZrB2-TiC-Y2O3

Y2O3

ZrO2-TiO2-Y2O3
Y2O3

ZrO2

Figure 30. SEM microstructure for 20 minutes encapsulated.
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Glassy layer

ZrO2 -Y2O3-TiO2

Figure 31. SEM microstructure for 20 minutes encapsulated.

ZrB2-TiC-Y2O3

ZrO2 - TiO2-Y2O3

ZrO2-TiO2

Figure 32. SEM microstructure for 30 minutes encapsulated
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ZrO2-ZrB2-TiC-Y2O3

ZrO2 -Y2O3-TiO2

Figure 33. SEM microstructure for 30 minutes encapsulated

ZrO2-ZrB2-TiC-Y2O3

ZrO2-TiO2-Y2O3

Figure 34. SEM microstructure for 40 minutes encapsulated
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ZrB2-ZrO2 -TiC-Y2O3

ZrO2-TiO2-Y2O3

Figure 35. SEM microstructure for 40 minutes encapsulated
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Chapter 5: Discussion
The oxidation of ZrB2-TiC-Y2O3 was performed at 1700˚C. ZrB2 oxidizes readily
with oxygen with a negative Gibbs free energy, as expressed in equation 10. The
thermodynamic data presented here was acquired through FactSage.

The ZrB2

oxidation also has a negative enthalpy of reaction (i.e., ∆H= -1957kJ) inferring an
exothermic reaction.
𝑍𝑟𝐵2 + 2.5𝑂2 → 𝑍𝑟𝑂2 + 𝐵2 𝑂3 (𝑔)

∆𝐺° = −1274 𝑘𝐽

(10)

Hence, the oxidized ZrB2-TiC-Y2O3 sample will eventually become ZrO2-TiO2-Y2O3
core with TiO2-B2O3 outer layer. The scale will depend on the oxygen ingress but the
phases were primarily t-ZrO2 stabilized by TiO2 and Y2O3 components. It was
anticipated that the TiC would eventually oxidize but the extent of the dissolution into
ZrO2 phase and/or the formation of the rutile would depend on the composition of Ti
oxide and the oxidizing time.

At 1700˚C (1973K) zirconia has a tetragonal phase as shown in Figure 36
denoted as (s2) in the diagram. TiC reacts with oxygen to produce TiO2, which serves
as a diffusional barrier. ZrB2 bonding is stronger than TiC. TiO2 dissolves into ZrO2 as a
result probably of TiO2 forming a tetragonal structure. Also, the boride oxidation forms
B2O3 liquid dissolving TiO2, which consequently forms a TiO2-B2O3 melt that seal the
pores of zirconia during thermal oxidation.
Introducing TiC to equation 10 will produce the reaction described by equation 11
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𝑍𝑟𝐵2 + 𝑇𝑖𝐶 + 4𝑂2 → 𝑍𝑟𝑂2 + 𝑇𝑖𝑂2 + 𝐵2 𝑂3 + 𝐶𝑂

(11)

FactSage, shows the Gibbs free energy of -1991KJ to be negative meaning that
the equation will occur at the given temperature (1700˚C). As described earlier in this
thesis, when the reaction occurs at temperatures above1100˚C B2O3 will vaporize
though it could be present due to the short term experiment, so boria would not
evaporate completely. Carbon monoxide is another product formed in this reaction and
evolves from the surface. The formation of ZrO2 and TiO2 are of most importance.
TiO2 is soluble in ZrO2 as shown in Figure 37. Using 10wt% TiO2 at 1700˚C gives
t-zirconia, which means that TiO2 helps in the formation of t-zirconia. Y2O3 is also
soluble in ZrO2 as shown in Figure 38.

This phase diagram was calculated

experimentally and computationally by Li, L et. al (2001) used tss, mss, and css to
abbreviate tetragonal, monoclinic and cubic phases, respectively. Also, Y 2O3 was
abbreviated as YO. At 10wt% (1700˚C) Y2O3 helps stabilizes c-ZrO2 and t-ZrO2 (Li, et
al. 2001).
Samples oxidized for 10 and 20 minutes where analyzed from the center moving
outward in increments of 0.1mm. The relative intensity peak of ZrB 2, t-ZrO2 and TiO2
was plotted with respect to distance as shown in Figures 39-44. We can see that within
the profile for 10 minutes, ZrB2 decreases for the majority of the time then increases
towards the outer layer. In the 20 minutes profile, we first see a decrease of ZrB2 which
corresponds to what happens during the 10 minutes graph then ZrB 2 starts increasing
towards the outer layer. t-ZrO2 increases with respect of distance.
The different layers found in the oxidized samples were analyzed using the XRD,
area analysis (using EDAX) and line scan. In 10 and 20 minutes the presence of CO
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and B2O3 was noticed by bubbling in the sample. A ZrO2-TiO2 and Y2O3 phase was
found during the 10-minute air sample; in the 30-minute air sample ZrO2-Y2O3 phase
was found. A combination of ZrO2-Y2O3-TiO2 and ZrO2-TiO2-Y2O3 was found in the 40
minute sample while the ZrO2-TiO2-Y2O3 was found in the 50 minute air, which was
completely oxidized. Cubic-ZrO2 was found in the 20 and 50 minute air samples as well
as in certain sections in the 10 minute air sample. The x-ray spectrums show rutile for
all samples and a glassy structure.
The 10 minute encapsulated sample showed ZrO2 -Y2O3-TiO2 and ZrO2 –ZrB2Y2O3-TiO2.

The 20 minute encapsulated sample shows ZrO 2-TiO2, Y2O3 and ZrO2

phases. The 30 minute encapsulated sample showed ZrO 2-Y2O3-TiO2 and ZrO2-TiO2
phases. The 40 minute encapsulated sample showed ZrO2-TiO2-Y2O3 phase.
A ZrO2-TiO2-Y2O3 layer was found in all atmospheric and encapsulated samples
which was measured an plotted with respect to time as shown in Figures 45 and 46,
respectively. Oxidized samples show the presence of t-ZrO2 and rutile which suggests
that we have p(O2) from -9.5 to -10.1 atm, as shown in Figure 47.
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Figure 36. ZrO2-B2O3 phase diagram, calculated with FactSage, Version 6.1
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Figure 37. ZrO2-TiO2 phase diagram

49

Figure 38. ZrO2-Y2O3 phase diagram
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Figure 39. Measurement of ZrB2 for sample oxidized for 10 minutes in air
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Figure 40. Measurement of t-ZrO2 for sample oxidized for 10 minutes in air
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Figure 41. Measurement of TiO2 for sample oxidized for 10 minutes in air
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Figure 42. Measurement of ZrB2 for sample oxidized for 20 minutes in air
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Figure 43. Measurement of t-ZrO2 for sample oxidized for 20 minutes in air
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Figure 44. Measurement of TiO2 for sample oxidized for 20 minutes in air
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Figure 45. Measurement of ZrO2-TiO2-Y2O3 layer for atmospheric samples
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Figure 46. Measurement of ZrO2-TiO2-Y2O3 layer for encapsulated samples
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Figure 47. ZrTiO2 phase diagram
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Chapter 6: Conclusion
Oxidation of ZrB2-TiC-Y2O3 at 1700˚C was conducted via atmospheric
environment and with the effect of an oxygen atmosphere established by a carbon/CO
equilibrium. Characterizations of the oxidized samples were performed primarily with a
field-emission, scanning electron microscope (Hitachi S-4800) and x-ray diffraction
(Brucker D8). The formation of t-ZrO2 was successfully accomplished as expected from
examination of the phase diagrams. Cubic-ZrO2 was found only in certain air samples
but not in encapsulated samples; monoclinic-ZrO2 was found in all samples which is
acquired during the cooling process. Rutile was found in all samples with the formation
of liquid TiO2-B2O3 phase on the surface and either tetragonal TiO2 phase or dissolved
within the ZrO2 phase. The product layers consisting of primarily from the ZrO 2-TiO2Y2O3 system was successfully formed and measured with respect to time. Samples
oxidized for 50 minutes in air were completely oxidized with only ZrO2-TiO2-Y2O3 phase.
Cracks were found in air samples starting in the corners then developing to the middle
of the sample. The encapsulated samples showed cracks in the middle of the samples.
TiO2 was used to reinforce t-ZrO2 and a possibly c-ZrO2 as well as to fill in the pores
and cracks developed during the oxygen diffusion. Y2O3 was used as a phase stabilizer.
Although cracks formed on samples, product layers grew parabolically as indication of
oxygen defects through a ZrO2 phase commonly known for its oxygen diffusional
aspects. The cracking probably formed upon cooling because parabolic growth of layers
suggests that they controlled the oxidation.
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Figure 48: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer.
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Figure 49: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.1 mm.
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Figure 50: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.2 mm.

Figure 51: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.3 mm.
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Figure 52: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.4 mm.

Figure 53: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.5 mm.
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Figure 54: XRD spectrum for oxidized sample for 10 minutes in air obtained at the outer layer plus
0.6 mm.

Figure 55: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer
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Figure 56: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.1 mm.

Figure 57: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.2mm
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Figure 58: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.3 mm.

Figure 59: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.4mm
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Figure 60: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.5 mm.

Figure 61: XRD spectrum for oxidized sample for 20 minutes in air obtained at the outer layer plus
0.6mm
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Figure 62: X-ray spectrum varing increment angles

Figure 63: X-ray spectrum varing increment measurements and scanspeeds
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